Fluorophores for single molecule localization microscopy (SMLM) must exhibit continuous signal fluctuations (i.e. blinking). Here, we present a strategy to make silica nanoparticles (NPs) blink using Alexa Fluor 647 (A647), an organic dye widely used in SMLM. We find that encapsulating A647 inside the silica NPs produces nonblinking silica NPs, while decorating A647 onto the outer surface of silica NPs generates blinking silica NPs.
Introduction
Due to the diffraction limit, the spatial resolution of conventional optical microscopies is approximately half of the illumination wavelength (typically 200-300 nm), which makes them unsuitable for the investigation of nanoscale objects such as cell organelles or nanoparticles (NPs). During the last decade, scientists have invented several optical super resolution microscopies with greatly improved spatial resolution.
1,2 For example, stimulated emission depletion microscopy (STED), structured illumination microscopy (SIM) and single molecule localization microscopy (SMLM). [3] [4] [5] [6] [7] [8] [9] [10] The best spatial resolution is provided by SMLM, which is about 20-30 nm. However, SMLM requires that the uorophores must exhibit signal uc-tuations or blinking to realize precise localization. Zhuang et al. have evaluated a serious of organic dyes and found the ones suitable for SMLM.
11 Among different dyes, Alexa Fluor 647 (A647) is one of the ne choice and thus it is widely used in SMLM imaging experiments.
Since SMLM can provide a quite high spatial resolution, it is a powerful tool for the investigation of nanoscale particles and their interaction with cells. As one of the representative NPs, silica NPs are commonly employed in in vitro experiments owing to their excellent biocompatibility and feasible surface functionalization. [12] [13] [14] [15] The silica surface can be easily modied with functional groups or targeting molecules, such as antibodies, peptides and aptamers, forming biologically functionalized nanoprobes. [16] [17] [18] When studying the interaction between cells and silica NPs using optical microscopies (for example, tracking the intracellular locations of silica NPs), a pre-requisite is to encode optical signals into these silica NPs. Surface enhanced Raman scattering and uorescence are two typical kinds of optical signals used in encoding silica NPs. [19] [20] [21] Up to now, most SMLM experiments utilize uorescence signals. Hence, in the present work, we proposed a way to make silica NPs uorescent and blink using the organic dye molecule (A647). By decorating cancer cell specic antibodies, these uorescent silica NPs can realize cancer cell targeting. Moreover, aer taken up by the cells, the blinking silica NPs can also be employed in intracellular SMLM imaging, which indicates that the blinking silica NPs are ne candidates for the study of intracellular nanomaterials when using SMLM.
Materials and methods

Materials
Alexa Fluor 647 (A647) NHS ester (http://www.thermosher.com/ order/catalog/product/A20006), PKH26 and SYTO™ 9 Green were purchased from ThermoFisher Scientic. Polyethylenimine (PEI, branched, MW $25 000) was purchased from Sigma-Aldrich. Tetraethoxysilane (TEOS), glutaraldehyde (GA, 50%), dimethyl sulfoxide (DMSO) and (3-aminopropyl)triethoxysilane (APTES) were purchased from Alfa Aesar. Ammonia water (25%) and absolute ethanol (EtOH) were purchased from Nanjing Chemical Reagent Co., Ltd. Rabbit anti-human HER2 antibody, bovine serum albumin (BSA) and phosphate buffered saline (PBS, 10 mM, pH 7.4) were purchased from Beijing Biosynthesis Biotechnology Co., Ltd. All the reagents were used as received. Deionized water (Millipore Milli-Q grade) with a resistivity of 18.2 MU cm À1 was used in all the experiments.
Fabrication of the uorescent silica NPs
First, A647 was conjugated to APTES as follows. 30 mL of 1 mM A647 (in DMSO) and 200 mL of APTES were mixed in 1 mL of EtOH. The mixture was shaken under room temperature for 2 h to allow the reaction. Then the mixture was kept at 4 C for further use. Silica NPs were fabricated according to previously published literature with slight modication. 22 For blinking silica NPs, 1 mL of TEOS was mixed with 50 mL of EtOH and vigorously stirred, followed by the addition of 10 mL of ammonia water. Aer stirring for 20 min, the silica NPs are formed and collected by centrifugation, the nal sediments were suspended in 20 mL of EtOH. Next, 200 mL of deionized water and 200 mL of the APTES-A647 conjugates were added into 4 mL of the as-formed silica NPs. The mixture was stirred at room temperature for 12 h. Finally, the A647 modied silica NPs were collected by centrifugation and washed repetitively with EtOH to remove excess APTES-A647. The nal products (i.e. the blinking silica NPs) were suspended in 4 mL of EtOH.
For non-blinking silica NPs, 1 mL of TEOS, 200 mL of the APTES-A647 conjugates, 10 mL of ammonia water and 50 mL of EtOH were mixed together and vigorously stirred for 20 min. Then the non-blinking silica NPs were collected by centrifugation and washed repetitively with EtOH to remove excess reagents. The nal sediments were suspended in 20 mL of EtOH.
To attach HER2 antibodies onto the surface of blinking silica NPs, rst, PEI was added into 500 mL of the blinking silica NPs with a nal concentration of 0.1%. The mixture was shaken for 20 min, then excess PEI was removed by centrifugation. The precipitates were suspended in 500 mL of deionized water. Aer that, GA was added into the PEI modied blinking silica NPs with a nal concentration of 0.5% and shaken for 1 h. Excess GA was removed by centrifugation and the precipitates were suspended in 500 mL of PBS. Next, 5 mL of 1 mg mL À1 rabbit antihuman HER2 antibody was added into the GA modied blinking silica NPs. The mixture was shaken for 2 h under room temperature and then incubated at 4 C for 12 h. Aer that excess antibodies were removed by centrifugation. The precipitates were suspended in 500 mL of PBS containing 0.1% BSA and stored at 4 C for further usage. The estimated amount of antibodies on each silica NPs is about 200 per nanoparticle.
Evaluation of the uorescence "blinking" behavior
Blinking or non-blinking silica NPs were adsorbed onto the bottom of an eight chambered Nunc™ Lab-Tek™ II Chamber Slide™ as follows. First, the as-prepared blinking or nonblinking silica NPs were diluted for 20 times using EtOH. Then, the diluted silica NPs were added into two chambers of the slide, respectively. Aer incubating for 20 min, some of the silica NPs deposited onto the bottom of the chamber slide and excess silica NPs were removed and washed away with EtOH. Next, imaging buffer prepared according to previously published literature was added into the chambers and the chamber slide was mounted onto a Zeiss Elyra P.1 microscope for blinking test. 11 The lasers used are 405 nm (activation laser) and 642 nm (illumination laser).
Cell culture and cell imaging
Human breast cancer cells (SKBR3, MDA-MB-231) were purchased from China Type Culture Collection. Cells were kept under standard cell culture condition (5% CO 2 , 37 C). The culture media (RPMI1640) were supplemented with 10% fetal bovine serum (GIBCO) and 1% penicillin-streptomycin (Nanjing KeyGen Biotech. Co., Ltd.). For uorescence imaging, SKBR3 cells were seeded into two chambers of the Nunc™ LabTek™ II Chamber Slide™ and incubated for 24 h before use. Next, 50 mL of antibody modied blinking silica NPs and 50 mL of bare blinking silica NPs (without antibodies) were added into the two chambers containing SKBR3 cells, respectively. Aer incubation for 2 h at 37 C, the culture media were discarded and the cells were washed gently with PBS. Aer that, cells were xed, the cell nucleus was stained by SYTO™ 9 Green and imaging buffer was added into the cell chamber. Then, the cells were imaged using confocal laser scanning microscopy (CLSM) and SMLM microscopy.
Instruments
Transmission electron microscope (TEM) images were obtained with an FEI Tecnai G 2 T20 electron microscope operating at 200 kV. CLSM images and uorescence spectrum were collected using a confocal laser scanning microscopy (Olympus, FV1000) with a 60Â oil immersion objective. SMLM images were acquired using a Zeiss Elyra P.1 microscope equipped with 405 nm (50 mW) and 640 nm (150 mW) lasers. SMLM images was recorded using a 100Â/1.46 oil immersion objective and an Andor EM-CCD camera (iXon DU897). SMLM imaging data were analyzed using the Zeiss ZEN 2012 soware.
Results and discussion
In the experiment, we fabricated two kinds of silica NPs as shown in Fig. 1a . The rst kind, which is denoted as silica NPs (1), is non-blinking. The second kind, which is denoted as silica NPs (2), is blinking. Detailed fabrication procedures of these two kinds of silica NPs are presented in the Materials and methods section. The difference in the two kinds of silica NPs is that A647 molecules are encapsulated inside silica NPs (1) while they are attached outside the surface of silica NPs (2). Fig. 1b shows the TEM image of silica NPs (2). As can be seen, spherical like silica NPs are successfully fabricated. The diameter of silica NPs (2) is approximately 260 nm. Since the A647 molecules cannot be observed in the TEM images, the TEM image of silica NPs (1) is not provided because it is similar to that of the silica NPs (2). To examine whether A647 has been successfully modied to the silica NPs, we measured the uorescence spectra of the silica NPs using the lambda scan function of CLSM (Olympus, FV1000) with 633 nm excitation wavelength. The silica NPs were casted onto a glass slide and imaged using the CLSM. The experimental data of silica NPs (1) and silica NPs (2) are similar here so only data of silica NPs (2) are provided. The uorescence image of the silica NPs (2) is shown in the inset of Fig. 1c , where strong uorescence is observed under 633 nm excitation. The uorescence spectrum of silica NPs (2) is presented in Fig. 1c . Obvious uorescence emission is detected peaking at around 670 nm, which is typical uorescence signals originated from A647 molecules. The extinction, excitation and emission spectra of silica NPs (1) and silica NPs (2) can better prove the successful attachment of A647. As indicated by the green shadows in Fig. 2a and b , a bump at around 650 nm is observed in both the extinction spectra of silica NPs (1) and silica NPs (2), which originates from the absorbance of A647 molecules. The emission and excitation spectra of A647, silica NPs (1) and silica NPs (2) are similar to each other (see Fig. 2c and d) . The difference is that spectra of silica NPs (1) and silica NPs (2) exhibit a slight red shi as compared with those of A647. Besides, more red shi is observed for silica NPs (1) as compared with silica NPs (2). This is possibly caused by the fact that A647 in silica NPs (1) is surrounded by the silica matrix and thus experiences a higher refractive index. Fortunately, such a slight red shi would not affect uorescence imaging in our experiments, because we use a 655 nm long pass lter to collect the uorescence signals. These result well conrmed that A647 molecules have been successfully modied onto the silica NPs, because blank or empty silica NPs do not uoresce or show obvious absorbance at around 650 nm. In addition, a photograph of A647 modied silica NPs and blank silica NPs is added to the inset of Fig. 1c , where a greenish color is observed in A647 modied silica NPs. Hence, we can conclude that modication of A647 is successful. Aer conrming the successful fabrication of silica NPs (1) and silica NPs (2), the next step is to nd out whether they are suitable for SMLM imaging. Hence, uorescence blinking test is conducted to evaluate these two kinds of silica NPs using a Zeiss Elyra P.1 super resolution microscopy. Usually, repetitive uo-rescence blinking of A647 molecules requires to lasers, one activation laser and one illumination laser.
11 So in the experiment, the illumination wavelength is 642 nm and the activation wavelength is 405 nm. The exposure time is 20 ms and the lter is a 655 nm long pass lter which ensures that uorescence from A647 is collected. Fig. 3 shows the representative time dependent uorescence intensity proles of individual silica NPs (1) and silica NPs (2). For silica NPs (2), dramatic blinking or uctuation of the uorescence signal is observed (Fig. 3a) . While for silica NPs (1), the uorescence signal intensity is quite stable and consecutive. The results in Fig. 3 clearly prove that silica NPs (2) are blinking and silica NPs (1) are non-blinking. Considering the requirements of SMLM, silica NPs (2) are excellent candidates for SMLM imaging while silica NPs (1) are not. The reason why silica NPs (1) are non-blinking might be that A647 molecules are encapsulated inside the silica NPs. The silica networks can well protect A647 from the outer environment (e.g. oxygen), which greatly prevents them from photobleaching and improves the photo stability of A647.
23-25
Besides, researchers have reported that the transformation of many organic dyes (including A647) from the bright state to the dark state requires the assistance of a mercapto group containing buffer.
26 A647 molecules encapsulated inside the silica NPs are isolated from the outer mercapto group containing buffer. Hence, they are not likely to get into the dark state. On the contrary, for silica NPs (2), since A647 molecules are decorated on the outmost surface of the silica NPs, they are exposed to the outer environment (e.g. the oxygen and mercapto groups), thus they will preserve their intrinsic uorescence blinking property. As a result, the above experimental results show that to generate uorescence blinking silica NPs for SMLM applications, the A647 molecules must be attached to the outer surface of silica NPs. To nd out the inuence of dye contents on the blinking behavior, we fabricated silica NPs attached with less A647 as compared to the silica NPs (2). The fabrication is quite simple, we shortened the incubation time of APTES-A647 and silica NPs. For silica NPs (2), the incubation time is 12 h as shown in the experimental section. While for the silica NPs here, the incubation time is only 1 h. As a result, less A647 molecules are attached to these silica NPs. Blinking of these silica NPs with less A647 is tested using the same parameters (i.e. laser power, exposure time, etc.) as silica NPs (2) . The results are shown in the Fig. 3c and d . As can be seen, although still blinking, the overall uorescence intensity of these silica NPs is obviously weaker than silica NPs (2). This is rational since less A647 molecules are presented. The localization precision of these silica NPs is comparable to that of the silica NPs (2) (see Fig. 6e ), which is also reasonable since the precision is mainly determined by the microscope system and the dye molecule itself. However, we prefer silica NPs (2) in practical applications since they can provide a intense uorescence signal.
With the excellent uorescence blinking behavior, silica NPs (2) can be used for cellular SMLM imaging. To facilitate cancer cell imaging, we also modied antibodies onto the surface of silica NPs (2) . The cells are SKBR3 cells, which overexpress HER2 on their membranes. So rabbit anti-HER2 antibodies are attached to the surface of silica NPs (2) . Before SMLM imaging, we rst tested the cancer targeting ability of the antibody modied silica NPs (2). MDA-MB-231 cells with a low HER2 expression level and bare silica NPs (2) without antibodies are used as the controls. The silica NPs were incubated with cells and then these cells were imaged using CLSM. The results are shown in Fig. 4 . It is obvious that SKBR3 cells take up more antibody modied silica NPs (2) as compared with the bare silica NPs (2) and MDA-MB-231 cells. This result conrms that anti-HER2 antibody modied silica NPs (2) can specically recognize SKBR3 cells and increase the cellular uptake amount of the silica NPs (2). Moreover, we performed Zslice imaging of SKBR3 cells incubated with antibody modied silica NPs (2) to check whether the nanoparticles are located inside the cells or not. The images were collected using the CLSM with a 60Â oil objective, the stepsize is 1 mm. The results are shown in Fig. 5 , which clearly proved that silica NPs (2) are located inside the cytoplasm of SKBR3 cells.
Finally, SMLM imaging experiments are conducted using SKBR3 cells incorporated with antibody modied silica NPs (2) . Cells are immersed in imaging buffer prepared according to previously published literature. The imaging buffer can support the blinking of A647 molecules.
11 The activation laser is 405 nm and illumination laser is 642 nm. The exposure time is 20 ms. SMLM image is reconstructed from 10 000 frames and analyzed using the Zeiss ZEN 2012 soware. The results are illustrated in Fig. 6. Fig. 6a is conventional wide eld total internal reection (TIRF) microscopic image, Fig. 6b is SMLM image of the same cells and Fig. 6c is merged image of the TIRF and SMLM images. Basically, the SMLM image exhibits improved spatial resolution. For example, Fig. 6f shows the intensity proles along the yellow dashed lines in the TIRF and SMLM images. The yellow dashed line indicates a cluster of silica NPs (2) in the cells. As can be seen, the intensity prole of TIRF image only shows one peak while that of the SMLM image shows two peaks. The reason is that TIRF microscopy holds a moderate spatial resolution and thus can not discriminate tiny structures of the clustered silica NPs (2). Contrarily, SMLM has a high spatial resolution and thus can unveil the subtle structures of the clustered silica NPs (2) . The localization precision obtained in SMLM imaging experiments using silica NPs (2) is around 30 nm (Fig. 6e) , which more vividly indicates a high spatial resolution. Consequently, the fabricated silica NPs (2) can indeed be used for SMLM imaging aer taken up by cells.
Conclusions
Fluorescent blinking silica NPs are successfully fabricated which are proven to be suitable for SMLM imaging applications. Fluorescence blinking behavior is obtained by attaching A647 molecules to the outer surface of silica NPs. Obvious signal uctuation is observed with these blinking silica NPs. Besides, encapsulating A647 inside silica NPs produces non-blinking silica NPs, indicating that attaching A647 to the outer surface of silica NPs is a necessity in fabricating blinking silica NPs. By attaching cancer specic antibodies to the blinking silica NPs, cancer targeting is realized using the silica NPs. Moreover, SMLM imaging is achieved using cancer cells incorporated with the blinking silica NPs. A localization precision of about 30 nm is achieved in the experiment. We anticipate that the presented silica NPs with excellent uorescence blinking behaviors and SMLM imaging abilities can have a ne potential in the investigation of the interaction between nanomaterials and cells.
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